We suggest that the use-dependent change in EGABA-A could represent a form of short-term plasticity in interneurons promoting coherent and sustained activation of local GABAergic networks.
INTRODUCTION
Fast network oscillations at 15-100 Hz are thought to be central for the timing and coordination of neural activity in the brain, and have been implicated in various cognitive functions (for review see Jefferys et al. 1996) . The generation of fast oscillations relies upon tonic excitation of the interneuron network and synchronizing connections between interneurons. In the hippocampus, GABAergic interneurons in CA1-CA3 stratum pyramidale-oriens (SP-O) have a central role in the generation of these oscillations (Freund and Buzsaki 1996) .
Hyperpolarising GABAA receptor-mediated signalling in interneurons is thought to be essential for the generation of oscillations (Cobb et al. 1995; Traub et al. 1996b; Whittington et al. 1995) . Furthermore, it has been recently shown that in the neocortex gap junctions may also participate in the synchronization of fast oscillations (Hormuzdi et al. 2001; McBain and Fisahn 2001; Tamas et al. 2000; Traub et al. 2001 ; but see Venance et al. 2000) . According to recent views, the source of the interneuronal excitation is not critical for resistance stabilized close to 100 M . A liquid junction potential correction (-3 mV) was performed for all membrane potential values reported (Neher 1992) . Cell input resistances were measured by -0.2 nA current steps in current clamp or were calculated from the clamping current required for a 5 mV hyperpolarising step (for 10 ms every 20 ms) in voltage clamp. Conventional 5-10 M glass capillary electrodes (filled with 150 mM NaCl) were used for field potential recordings. The tip of the bipolar stimulus electrode was positioned within 0.5 mm of the recording site in stratum pyramidale-oriens. Stimulus intensity (14-20 V) was set slightly supramaximal to a single-pulse IPSP. Stimulation trains (40-100 pulses, 5-100 Hz, pulse duration 0.1 ms) were given at 2-3 min intervals.
Data analysis: Signals were tape recorded with a TEAC SR-31 recorder, and digitized off-line at 4 kHz using a National Instruments AT-MIO-16-E-2 analog-to-digital board and Lab View software (National Instruments). Action potential peaks and spontaneous GABAergic PSPs were determined with a peak detection algorithm (Lab View) and verified visually. Before the PSP analysis, traces were low-pass filtered at 1 kHz. Only PSPs with an amplitude greater than three times the noise SD and with a decay time constant > 20 ms were included in the analysis. The time-frequency (TF) representations of the GABAA current bursts were computed by convoluting the signal with a Gabor wavelet: h(t,f) = kexp ( -x 2 / 2 + imx), x = 2 ft / m, where time and frequency are denoted by t and f, m = 6, i is the imaginary unit, and k is the constant used to normalize the wavelet to unit area (Sinkkonen et al. 1995) . Before averaging, TFrepresentations of the bursts were aligned according to the ends of the bursts. The burst was considered to end when the signal amplitude (in the TF-domain) fell below 3 times pre-burst SD (computed for each frequency band over the 1 s preceding the burst). For each burst, the mean amplitude of pre-burst noise was subtracted from each frequency band. The integrated current carried by spontaneous PSCs was calculated using LabView softaware. Data are given as mean ± SEM, if not stated otherwise. Care and use of animals conformed to the guidelines of the Helsinki University Animal Care Committee.
RESULTS:
We studied the properties of rat hippocampal interneurons in CA3 stratum pyramidale-oriens using gramicidin perforated-patch and whole cell recordings. The ionotropic glutamate receptor antagonists CNQX (20µM) and AP-5 (40 µM) were present in the extracellular solution in all experiments. We distinguished interneurons from pyramidal cells by their distinct action potential firing in response to a depolarising pulse. Cells in stratum (s.) pyramidale and s. oriens showing high-frequency discharges (spike interval close to 5 ms) with little adaptation upon constant depolarisation (1 s) were identified as interneurons (hereafter referred to as SP-O interneurons, see Buhl et al. 1994 Buhl et al. , 1996 Freund and Buzsaki 1996; Lacaille and Williams 1990) . Most neurons in s. pyramidale showed a maximal firing frequency around 100 Hz, and strong spike-frequency adaptation. These were classified as pyramidal cells. Data are illustrated in figure 1A .
Effect of tetanic stimulation on the polarity of GABAAR mediated PSPs in SP-O interneurons and in pyramidal cells
We first investigated monosynaptic stimulus-evoked IPSPs in SP-O interneurons and in pyramidal cells employing the gramicidin-perforated patch clamp technique. This method permits the measurement of cell membrane potential without altering the cytoplasmic anion content and consequently the reversal potential of GABAA receptor-mediated responses (Ebihara et al. 1995; Kyrozis and Reichling 1995) . Stimuli were given in s. pyramidale-oriens close to the recording site (within 0.5 mm), to activate both perisomatic and dendritic GABAergic synapses on the SP-O interneurons (see Parra et al. 1998) , as well as on the pyramidal cells (Alger and Nicoll 1982) .
The reversal potential for single pulse evoked IPSPs was -4.8 ± 1.0 mV relative to resting membrane potential (Em = -60.5 ± 0.8 mV, n = 8) in SP-O interneurons and -8.1 ± 0.9 mV in pyramidal cells (Em = -64.6 ± 0.8 mV, n = 12) (Buhl et al. 1994 (Buhl et al. , 1996 Rivera et al. 1999; Thompson and Gähwiler 1989) . Input resistances for these neurons were 172.3 ± 12.0 M and 54.2 ± 4.9 M , respectively. Rupture of the gramicidin-perforated patch followed by recording (15 min) in the whole-cell configuration with low chloride (1 mM) filling solution shifted IPSP reversal potential to -88.2 mV in the interneurons (n = 2) and to -86.0 ± 3.7 mV in the pyramidal cells (n = 12).
Next, we studied the effects of high-frequency stimulation on IPSPs in interneurons and pyramidal cells ( Figure 1B,C) . The experiments were carried out in the presence of 1 µM CGP55845, which blocks pre-as well as post-synaptic GABAB receptors. This was in order to avoid GABAB autoreceptor induced depression of IPSCs. Furthermore, the glutamate receptor antagonists (CNQX, 20µM and AP-5, 40 µM) would block modulation of GABA-release via presynaptic kainate receptors, which could be qualitatively different at varying stimulation frequencies (see Min et al. 1999 ). Trains of 40-100 pulses were delivered at various frequencies (5, 10, 20, 40, and 100 Hz) . Stimulus intensity was set supramaximal for a monosynaptic single-shock IPSP. With 5 Hz (40 pulses) stimulation, only hyperpolarising GABAAR-mediated potentials were generated in both cell types. In contrast, when higher stimulus frequencies were used, depolarising GABAergic potentials were generated in interneurons. Maximal shift was seen at 40 Hz stimulation, where initiall y 4.6 ± 0.3 mV hyperpolarising GABAAR-mediated PSPs turned to 6.3 ± 1.0 mV depolarising (40 th pulse, n = 4 cells). The PSPs were blocked by PiTX (100 µM, n = 3/3). At 10 Hz, 20 Hz and 100 Hz, GABAergic potentials were 1.1 ± 0.2 mV, 4.8 ± 2.5 mV and 1.8 ± 0.9 mV depolarising, respectively (40 th pulse, n = 4 cells). In contrast to our observations in SP-O interneurons, the GABAAR-mediated responses in pyramidal cells to stimuli (40 pulses) remained hyperpolarising at all frequencies. Upon 5 Hz, 10 Hz, 20 measurements and cell-attached recordings in SP-O interneurons showed that the field potential deflection was accompanied by a burst of action potentials (14 ± 4) in the interneurons (n = 12 cells, 60 bursts).
We performed a series of whole-cell recordings in SP-O interneurons with low Cl -(1-8 mM) and QX-314 (2mM) in the pipette (see Methods). The whole cell clamp recordings showed that there was continuous occurrence of the GABAAR-mediated PSCs between the population bursts, and that the PSC frequency gradually increased toward a population burst. The frequency of postsynaptic GABAA currents was lowest 5-10 s after the population burst (68 ±5% of the baseline, n = 36 bursts in 3 slices), whereupon it gradually increased toward an onset of the next population burst, being highest (204 ± 12% of the baseline) at 5-0 s prior to the burst (figure 3d,e). The occurrence of GABAA currents was calculated from 5 s periods, and the baseline (mean occurrence ± SEM = 4.4 ± 1.6 Hz) was taken 20 -15 s before each individual burst. Only burst intervals > 30 s were used for the analysis.
We next wanted to study the GABAA reversal potential (EGABA-A) in SP-O interneurons with gramicidin perforated recordings during this spontaneous activity. We analyzed the amplitude of spontaneous PSPs in the interneurons (see METHODS). PSPs with amplitudes greater than three times the SD of the noise were included in the analysis. The analysis may have excluded small amplitude deflections, and a peak amplitude detection algorithm could not be used when the cell was firing. Data were collected from 60 bursts (from 6 cells) in order to obtain a sufficient number of PSPs. 1 s bins were used for temporal pooling of PSPs. The data showed that the spontaneous unitary GABAA-R mediated PSPs were hyperpolarising (1.2 ± 0.1 mV, n = 60 in 6 cells) between the field potential population bursts (see figure 3A , see 4A,B).
However, in gramicidin-perforated patch recordings, hyperpolarising PSPs were never observed < 3 s before the bursts, indicating that there was a gradual positive shift in the GABAergic PSPs prior to the population bursts. During the burst the GABAA-R mediated potential was 5.2 ± 1.3 mV depolarising (n = 30 in 10 cells). Hyperpolarising IPSPs were restored only > 10 s after the population bursts ( Figure 3A) . Consequently, hIPSPs were never seen in these cells when the burst interval was less than 10 s. The decay time constant of the spontaneous unitary hIPSPs (53.5 ± 4.2 ms) was similar to that of dIPSPs (59.0 ± 8.2 ms, n = 60, 6 cells. Figure 3B) . Rupture of the patched membrane and perfusion of the cells with the low Cl -(1 mM, 10 min) filling solution in the whole-cell configuration switched the PSPs to hyperpolarisations. Thus before, during, and after the burst, only hyperpolarising IPSPs were seen.
Maximal hyperpolarisation (13.3 ± 1.1 mV) was generated during the population burst (n = 18 in 6 cells, figure 3C ). The PSPs were blocked by PiTX (100 µM, n = 3/3). The data are shown in figure s 3d,e.
Effect of EGABA-A shift on synchronization of interneuronal network activity
We then wanted to know how changes in interneuronal EGABA-A affect interneuronal population bursting.
We studied this question in two ways using the 4 -AP model: 1) We investigated the direct effect of a change in GABAA reversal potential on interneuronal excitation. This was achieved by generating a positive shift in EGABA-A by replacing 20 mM extracellular NaCl with Na-formate (see Lamsa and Kaila 1997; Mason et al. 1990) . 2) We exposed interneurons to pentobarbital (PB, 100 µM), a positive allosteric modulator of GABAA receptors, which has been shown both to promote interneuron population bursting (Lamsa and Kaila 1997), and to enhance depolarising GABAergic potential generated in pyramidal cell dendrites (Alger and Nicoll 1982; Autere et al. 1999; Manuel and Davies 1998; Staley 1992) .
Formate anions show high permeability across GABAAR channels (0.5 vs. chloride, Bormann et al. 1987) , and equilibration of formate across cell membranes should cause a ~10 mV positive shift in the GABAA reversal potential. Gramicidin perforated-patch recordings showed that all IPSPs gradually shifted from hyperpolarising to depolarising in the presence of formate (20 min). The amplitudes of the GABAARmediated depolarisations during the population bursts increased from 4.7 ± 1.7 to 9.5 ± 2.3 mV (P<0.005, paired t-test, n = 15 bursts in 3 cells). The effect of formate is shown in figure 4A . Formate application also leads to more frequent interneuron population bursts (rate of occurrence 154 ± 14% in comparison to control; P<0.005, paired t-test, n = 6, see figure 4C )
Another weak-acid anion, propionate, was used as a control to verify that the shift in EGABA-A in SP-O interneurons and subsequent increase in spontaneous bursting were indeed produced by the equilibration of formate and the consequent positive shift in EGABA-A. Propionate is virtually impermeant across GABAAR channels (< 0.02 vs. chloride, Bormann et al. 1987 ) and a transmembrane propionate gradient therefore has no direct effect on EGABA-A. Upon exposure to Na-propionate (20 mM, 20-30 min), there was a slight decrease in the network-driven GABAergic depolarisation (from 5.7 ± 1.5 mV to 5.1 ± 1.0 mV; n = 10 bursts, P<0.05, paired t-test, n = 10 bursts in 3 cells). This was accompanied by a decrease in the synchronous burst occurrence to 81 ± 5 % (P<0.05, paired t-test, n = 6, see figure 4C ). In contrast to formate application, hyperpolarising IPSPs were seen between the bursts in the presence of propionate. PB (100 µM) enhanced the positive shift of GABAAR-mediated potentials in SP-O interneurons. We observed that GABAergic depolarisations during the bursts increased concomitantly (from 4.4 ± 1.2 mV to 7.2 ± 1.0 mV, P<0.005, paired t-test, n = 15 bursts in 3 cells) with the increase in input conductance (from 42 ± 4 nS to 73 ± 10 nS, P<0.005, n = 3 cells, paired t-test). We did not observe hyperpolarising IPSPs between the bursts in the interneurons following exposure to PB. This might be explained by the larger depolarising potentials generated by GABA during the bursts, as well as by a substantial shortening of the burst interval, making restoration of hyperpolarising values between the bursts less likely. Application of PB was accompanied by an increase in interneuron population burst occurrence to 221 ± 18% (P<0.005, paired t-test, n = 6). The effect of PB is illustrated in figure 4B ,C.
Gap junctions in synchronization of the interneuronal activity
We analyzed the temporal patterns of network-driven GABAAR-mediated inputs to individual CA3 neurons during 4-AP -promoted spontaneous activity. Whole-cell voltage-clamp recordings revealed that short (< 1 s) periods of rhythmic GABAAR-mediated activity occurred during interneuron population bursts. Timefrequency (TF) analysis of whole-cell voltage clamp data revealed that prominent GABAA currents were generated at frequencies (15-30 Hz) during the bursts (figure 5A). These oscillations were 440 ± 40 ms in duration (n = 30 bursts in 6 slices; range 200-700 ms). The relatively narrow frequency band seen in the averaged TF plot demonstrates the stability of the oscillations. Furthermore, a smaller amplitude oscillation (30-40 Hz) was frequently observed during the oscillations. To determine whether the oscillating GABAergic currents were single PSCs or population events, we first analyzed the kinetics of the currents ( Figure 5B ). Unlike the unitary IPSCs, time-to-peak values of the GABAAR-mediated currents during the oscillations were slow (4.8 ± 0.5 ms, n = 120 in 6 cells) and variable (range from 2.3 to 8.7 ms).
For the unitary currents, the corresponding time-to-peak value was 2.0 ± 0.1 ms varying between 1.0 and 2.8 ms (c.f. Agmon et al. 1996) . Furthermore, the rising phases of the oscillating currents were jagged, suggesting that they were composed of several separate IPSCs. In addition, the increase in the input conductance during the oscillating GABAA currents (38 ± 5 nS) was 10-fold when compared to that seen during unitary GABAergic responses (4 ± 2 nS) between the population bursts (n = 3 cells, see METHODS). Taken together, these data indicate that the oscillating GABAergic currents seen during the spontaneous bursts resulted from synchronous activation of the interneuron (sub)population.
Electrotonic coupling through gap junctions may also contribute to synchronization of interneurons in the hippocampus (Fukuda and Kosaka 2000; Galarreta and Hestrin 1999; Gibson et al. 1999; Michelson and Wong 1994; Zhang et al. 1998 ). We next studied the effect of a gap junction blocker, carbenoxolone (200 µM) upon interneuronal population bursting. After 15 minutes exposure to carbenoxolone, the rate of synchronous bursting was reduced to 24 ± 8% (P<0.005, n = 6) of control (paired t-test). As carbenoxolone is also known to increase mineralocorticoid levels in the brain (Stewart et al, 1990) , which could affect burst generation, we tested another gap junction blocker, octanol (500 µM). In the presence of octanol (15 min), the burst generation was similarly suppressed (to 13 ± 10% of the baseline, P<0.005, n = 4). We then studied further the role of gap junctions in interneuronal synchronization. We found that the -rhythmicity mM, n = 6). After 10 minutes in formate the occurrence of interneuronal population bursts was almost fully restored (86 ± 12 % of the control), further supporting the idea that GABAergic excitation between interneurons plays a critical role in the generation of the bursts ( Figure 5C ,D). The interneuronal population bursts were totally abolished by PiTX (100 µM, n = 6).
DISCUSSION:
Use-dependent positive shift of GABAA reversal potential in the interneurons versus pyramidal cells
The major finding of this work is the substantial difference in the use-dependent depolarising shift in GABAA reversal potential (EGABA-A) between stratum pyramidale-oriens (SP-O) interneurons and pyramidal cells.
While the activity-induced positive shift of EGABA-A is more pronounced in interneurons, targeted stimulation of GABAergic synapses in stratum radiatum can produce GABAergic depolarisation and excitation in pyramidal cells as well (Alger and Nicoll 1982; Autere et al. 1999; Grover et al. 1993; Kaila et al. 1997; Staley et al. 1995; Taira et al. 1997 ). However, activation of GABAergic synapses in stratum pyramidale, s.
oriens, or alveus elicits almost solely hyperpolarising responses in these neurons (Alger and Nicoll 1982; Jackson et al. 1999) . It is apparent that the depolarising and excitatory effect of GABA in pyramidal cells during s. radiatum stimulation results from selective activation of the GABAergic synapses on their apical dendrites (Grover et al. 1993; Jackson et al. 1999; Staley et al. 1995; see also Alger and Nicoll, 1982) . If
GABAergic synapses on both dendrites and the somatic area are activated, the shift in EGABA-A in principal cells is much weaker or non -existent (see Lamsa and Kaila 1997; Michelson and Wong 1991; Perreault and Avoli 1992) . In contrast, the activity-induced positive shift in EGABA-A is rapid in CA3 SP-O interneurons under similar conditions, and results promptly in postsynaptic excitation.
Hyperpolarising IPSPs (hIPSPs) have been proposed to be a prerequisite for synchronous 15-100 Hz oscillations of neuronal networks (McBain et al. 1999; Traub et al. 1996a; Whittington et al. 1995) . see Grover et al. 1993; Kaila et al. 1997; Perkins 1999; Staley et al. 1995) . As shown by the experiments with formate, the set point and dynamics of the GABAA reversal potential are critical factors in determining the behaviour of the CA3 interneuronal network.
The gramicidin perforated recordings from the interneurons showed that there was already a shift in the polarity of GABAergic PSPs before the spontaneous population bursts. Whole cell recordings showed a strong increase in the postsynaptic GABAAR-mediated current in these cells prior to the burst. We suggest that the increased GABA A conductance in the interneurons would gradually lead to a dissipation of the negative E GABA-A, and thus degradation of hIPSPS in these cells (see e.g. Takeuchi and Takeuchi, 1966) .
Consequently, we propose the following explanation for the periodical generation of massive interneuron population bursts. The hyperpolarizing nature of EGABA-A is easily degraded in interneurons when the postsynaptic GABAAR activity in these cells increases up to a certain level. The mutual inhibition between interneurons is attenu ated, which further promotes the activity in the GABAergic network. A collapse of the mutual inhibition in the interneuron network, and the fact that even small amplitude depolarizing GABAergic
PSPs can have an excitatory effect in these cells, would eventually result in a generation of a massive interneuron population burst. It has recently been shown that GABA is easily accumulated onto interneuron-interneuron synapses, since the GABA uptake system in these cells is much weaker than in the principal cells (Semyanov, Walker & Kullmann, 2003) . This may partially explain why interneurons are susceptible to the use-dependent shift of EGABA-A. After the population burst, GABAergic activity in the cells was strongly suppressed. During the low activity period, hyperpolarizing IPSPs reappear ed in these cells.
This could be due to the fact that restoration of a hyperpolarizing E GABA-A is more efficient when membrane Cl-conductance is small (e.g. Thompson et al., 1988) . Notably, a similar kind of periodic fluctuation of GABAergic activity and a post-burst depression of the activity are seen in spontaneous GABAergic activity in the neonatal rat hippocampus (see O'Donovan, 1999).
In the newborn rat hippocampus, GABAA responses are known to be solely depolarising, and spontaneous interneuronal population bursts are regularly seen in area CA3 (Ben-Ari et al. 1989; Khazipov et al. 1997;  see also O'Donovan 1999). Furthermore, it was also recently shown that in embryonic spinal cord neurons, activity-induced redistribution of transmembrane [Cl - ] is an important mechanism in modulating the postsynaptic effect of GABAAR activation during spontaneous network activity (Chub and O'Donovan 2001) .
Self-sustained and oscillations in interneuronal networks
Synaptically-driven synchronous 15-100 Hz oscillations are critically dependent on 1) the IPSC/P decay time constant; 2) hyperpolarising IPSC amplitude; 3) the nature of the excitatory inputs to interneurons (Jefferys et al. 1996) . As shown here, in the SP-O interneurons the rapid change of EGABA-A resulted firstly in erosion of hyperpolarising IPSC/Ps, and eventually generated autoexcitation sufficient to drive massive population bursts in the interneuronal network. During these population bursts the CA3 GABAergic network was transiently synchronized to stereotypical ~500 ms joint ~20 Hz and ~40 Hz oscillations, which Galarreta and Hestrin 1999; Gibson et al. 1999 ). Thus, erosion of hIPSPs could effectively diminish synchronization between different interneuron subclasses, thereby providing a mechanism also for spatial control of interneuronal oscillations and inhibitory efficacy.
Metabotropic glutamatergic and cholinergic transmission are known to be important modulators of the interneuron network activity in the hippocampus, and these two mechanisms have been shown to drive synchronous oscillations in the interneuron network under certain conditions (Cobb et al. 1995; Fisahn et al. 1998; Whittington et al. 1995) . However, during short synchronous bursting periods when the postsynaptic conductance is mainly mediated by GABAARs, the GABAergic excitation can override the relatively low-conductance postsynaptic metabotropic mechanisms. In this situation, modulation of interneuronal bursting could still effectively occur via presynaptic regulation of GABA release in interneurons by metabotropic glutamate receptors (Semyanov and Kullmann 2000) . Interestingly, a similar kind of GABAAR-mediated -frequency activity during 4-AP induced population bursts can be seen in some previous studies (see Perkins 1999 , e.g. figure 8 ).
Apart from the shift in EGABA-A, passive membrane properties such as input resistance and time-and length constants are also likely to change rapidly in interneurons during increased activity. Thus, under conditions when the IPSP decay and IPSP reversal potential are unstable, gap-junction mediated coupling may become a critical mechanism for maintaining temporal synchrony in the local interneuron network (see Galarreta and Hestrin 1999; Gibson et al. 1999; Skinner et al. 1999; Szabadics et al. 2001; Velazquez and Carlen 2000) .
Mechanisms of EGABA-A lability in interneurons
It is well established that the activity-induced GABAAR-mediated depolarisation generated in pyramidal cell dendrites is augmented by barbiturates, and that the shift is attributable to availability of HCO3 -as well as to extracellular accumulation of K + (Alger and Nicoll 1982; Autere et al. 1999; Kaila et al. 1997; Staley et al. 1995; Taira et al. 1997) . In terms of HCO3 --dependency, K + and Cl -redistribution, and the effects of PB, it is likely that the mechanisms underlying the depolarising shift of EGABA-A are the same in pyramidal cells and in SP-O interneurons (see Autere et al. 1999; Kaila et al. 1997; Lamsa and Kaila 1997) . Possible explanations for the quantitative difference in the shift in the IPSPs could be; 1) A higher permeability of GABAAR channels to HCO3 -in interneurons (see Perkins 1999) ; 2) Location of GABAARs in interneurons on cellular structures having larger surface area/volume ratio and thus higher susceptibility to disruption of transmembrane ionic gradients; 3) differences in carbonic anhydrase activity and thus HCO3 --availability in these two cell types; 4) differences in density of transmembrane anion transporters or in phosphorylation cascades that control the transporters. However, all ionotropic GABA receptor channels found so far have similar HCO3 -versus Cl -, permeability ratios (ranging between 0.2 and 0.3). A comparison of the data on inhibitory terminal density on interneurons and pyramidal cells does not support the hypothesis of a differential localization of GABAergic synapses (Gulyas et al. 1999; Megias et al. 2001) . We therefore suggest that the difference in Cl -/HCO3 -homeostasis between pyramidal cells and SP-O interneurons depends either upon differences in carbonic anhydrase activity in these two cell types, or on differences in Cl -transportation, e.g. via KCl co-transport (Rivera et al. 1999; Thompson et Gähwiler 1989) . It would thus be interesting to see whether a similar change in EGABA-A could be induced by GABA application onto interneurons, where a GABA concentration increase is not accompanied by extracellular K + accumulation.
Implications for interneuronal plasticity
GABAergic interneurons seem to lack conventional forms of synaptic plasticity (e.g. NMDA-dependent long-term potentiation). This may be important for their function as stable neuronal oscillators (McBain et al. 1999 ). However, there may be alternative forms of plasticity in excitatory synapses onto interneurons. A type of AMPAR abundant in hippocampal interneurons (Jonas and Burnashev 1995) is blocked by internal polyamines in a use-dependent manner (Rozov et al. 1998) , repetitive activation may thus lead to a brief (<5 s) facilitation of interneuronal EPSCs. Analogously, the use-dependent shift in EGABA-A and the consequent postsynaptic excitation reported here could be seen as a form of short-term synaptic plasticity in interneurons required for the rapid and coherent recruitment of local GABAergic networks. The dramatic differences in the effect of the shift in EGABA-A between interneurons and pyramidal cells implies that this effect is cell type-specific. In addition, the GABAergic interneuronal excitation described here will effectively come into play during heightened neuronal activity, thus providing another mechanism to increase interneuronal output and inhibitory efficacy in principal cells.
A frequency-dependent shift in EGABA-A has also been suggested to contribute to pyramidal cell plasticity (Davies and Collingridge 1993; Staley et al. 1995 , Taira et al. 1997 . In principal cells, however, the A, Spontaneous GABAAR-mediated potentials in an SP-O interneuron following a 40 Hz 100 pulse train.
Specimen traces 3s, 5s, (bar 3 mV / 500 ms) and 10s after train (bar 1 mV / 500 ms). Data were normalized to the control mean of individual experiments. *P < 0.05, ***P < 0.005, paired t-test. A combined fp and cell-attached recording shows that the bursts are partially restored by 20 mM formate.
B,
Bar scaling 300 µV and 50 pA / 30 s.
E, Inhibition of GABAergic population bursts by carbenoxolone, (mean ± SEM, P < 0.005, paired t-test), and re-establishment of the bursting activity by formate (20-30 mM). (n = 6). 
